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摘要 
六溴环十二烷（1,2,5,6,9,10- Hexabromocyclododecane，HBCD）是被运用最
广泛的阻燃剂之一，在全球的用量仅次于四溴双酚 A 和多溴联苯醚。HBCD 具
有持久性、生物累积性和生物放大效应，因而被定义为持久性有机污染物 
（persistent organic pollutants，POPs）。已有研究表明 HBCD 具有发育毒性、神
经毒性、内分泌毒性和生殖毒性，但对心脏发育毒性的研究十分有限，尤其缺乏
对心脏发育毒性机制的研究。本研究以斑马鱼和 H9C2 细胞系为实验模型，采用
低浓度 HBCD（0，2 nM，20 nM 和 200 nM）对其进行暴露，应用生态毒理学、
分子生物学以及生物信息学技术检测在胚胎发育过程中 HBCD 对心脏发育的毒
性效应及可能的作用机制。我们的结果显示： 
1. 在胚胎发育过程中，低浓度的 HBCD 暴露对存活率和畸形率没有产生明
显毒性作用，但能导致心脏畸形。主要表现为心房狭窄或膨大、心脏管状化、心
包囊水肿和卵黄囊水肿等。HBCD 暴露还诱导胚胎心率剂量依赖性增加。进一步
研究发现，转录因子 Nkx2.5 和 Tbx5 的表达异常可能是 HBCD 诱导心脏发育毒
性的主要原因之一。 
2. microRNA （miRNA）在生物发育和代谢过程中起重要作用，高通量测序
的结果表明，HBCD 暴露对斑马鱼 sRNA 长度和各类型分布没有产生明显影响。
但 HBCD 暴露引起 miRNA 表达谱发生了变化，2 nM 和 200 nM HBCD 处理组分
别有 83 个和 115 个 miRNA 表达发生显著性变化。在选取其中 10 个受到诱导的
心血管相关 miRNA 验证后发现，miR-219、miR-145、miR-194b 和 miR-221 表
达显著性上调，而 miR-1 和 miR-146b 表达显著性下调。对 HBCD 处理组中显
著性差异的 miRNA 下游靶基因进行 GO 分析发现，多个与心血管系统相关的 GO 
terms 高度富集，如心脏环化、心脏发育、血管形成、钾离子运输和钾钠转运 ATP
酶活性、 离子跨膜转运和 G 蛋白受体信号通路等。pathway 分析发现多条与心
血管相关的信号通路受到诱导，如 mTOR，VEGF，Insulin，p53，Jak-STAT，
Glycolysis 和 PPAR 信号通路。 
3. HE 染色和胶原纤维染色结果表明：HBCD 暴露引起斑马鱼胚胎心室壁变
厚，腔室变小和细胞间质中胶原含量增多，以及心肌肥大分子标志物 ANP 和 BNP
的表达水平显著上升等。HBCD 暴露后 miR-1 表达受到抑制。miR-1 mimic 转染
厦
门
大
学
博
硕
士
论
文
摘
要
库
  
X 
 
实验进一步证明，HBCD 有可能通过 miR-1 的靶基因 Mef2a 引起心肌肥大。同
时，实验表明HBCD暴露后miR-1表达水平的下降可能是由上游转录因子Nkx2.5
的高表达引起的。因此，我们认为 HBCD 诱导斑马鱼胚胎心肌肥大可能通过干
扰 Nkx2.5–miR-1–Mef2a 信号途径引起。 
4. RT-qPCR 和 western blot 结果显示，Irx5 受 HBCD 诱导显著性上调，其下
游钾离子通道基因 Kcnd2 （Kv4.2）表达水平则明显降低。miR-1 mimic 转染实
验证明， Irx5 是受 HBCD 调控的 miR-1 下游靶基因。HBCD 暴露通过
Nkx2.5–miR-1–Irx5–Kv4.2 途径引起心肌细胞钾离子转运障碍，引发心律不齐。 
5. HBCD暴露同样诱导心肌细胞钙离子转运紊乱，但并未通过Nkx2.5–miR-1
途径，而可能是调控钙离子相关蛋白的表达，引起 Serca2a 表达上调和
Ca
2+
-ATPase 活性上升，而 Ncx1 表达下调，导致 Serca2a、Ncx1 和 RyR2 表达失
衡，从而引起肌浆网的 Ca2+再摄取增加，胞浆内 Ca2+减少，心肌细胞内钙离子
转运紊乱，致使心律不齐的发生。 
 
关键词：六溴环十二烷，斑马鱼，发育毒性，高通量测序，miR-1，心肌肥
大，心律不齐
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ABSTRACT 
Hexabromocyclododecane (HBCD) is the third most commonly used brominated 
flame retardants, following tetrabromobisphenol A and polybrominated diphenyl 
ethers. HBCD has a strong potential to be persistent, bioaccumulative and 
biomagnified, so it is listed into persistent organic pollutants. Studies have reported 
that HBCD can cause developmental, neural, endocrine and reproductive toxicities. 
However, limited information can be found about its cardiac toxicity and related to 
mechanism. In the present study, zebrafish embryos and H9C2 cells were exposed to 
HBCD at the low concentrations of 0, 2, 20 and 200 nM. The aim of this thesis was 
trying to gain insight into cardiac toxicity of HBCD and its mechanism(s) involved. 
Our results showed that:  
1. Although the survival rate and the whole malformation rate were not 
significantly affected by HBCD during embryonic development. Low-level HBCD 
induced cardiac defects, which were characterized by atrium structure or enlarged 
atrium, pericardial edema, yolk sac edema, etc. HBCD exposure also increased heart 
rate in a dose-dependent manner. Tbx5 and Nkx2.5 are two transcription factors 
regulating cardiac development and functions.We demonstrated that the expression of 
Nkx2.5 and Tbx5 was significantly elevated by HBCD treatment.  
2. microRNAs (miRNAs) play important roles in many biological and metabolic 
processes. In the HBCD-treated groups, sRNAs in size and the proportions in 
different kinds of sRNAs were no significant changes compared with the control. 
However, HBCD exposure induced significant changes in miRNA expression profiles. 
A total of 83 and 115 miRNAs showed significantly altered expression patterns after 
treatment zebrafish embryos with 2 nM and 200 nM HBCD, respectively. Of all the 
changed miRNAs, 10 miRNAs related to cardiovascular system (CVS) miRNAs were 
detected using real-time quantitative PCR (RT-qPCR). The results of RT-qPCR were 
consistent with deep sequencing data. Among of these miRNAs, the expression of 
miR-219, miR-145, miR-194a and miR-221 were significantly up-regulated in a 
dose-dependent manner. The expression of miR-146b and miR-1 were significantly 
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inhibited by HBCD. Assessed from target genes of differentially expressed miRNAs 
in HBCD-treated grougs, many GO terms associated with the CVS were found to be 
enriched, such as heart looping, heart development, blood vessel morphogenesis, and 
ion transmembrane transport. Additionly, we found that target genes of miRNAs were 
overrepresented in several cardiovascular signaling pathways, such as the mTOR, 
VEGF, Insulin, p53, Jak-STAT, Glycolysis, and PPAR signaling pathway.  
3. HE staining and Masson trichrome staining showed that HBCD exposure 
increased ventricular wall thickness and myocardial collagen synthesis. Treatment 
with HBCD effectively increased the mRNA levels of cardiac hypertrophy markers 
ANP and BNP in zebrafish embryos. The miR-1 expression was inhibited after HBCD 
exposure. The transfection assay of miR-1 mimic showed that the reduction in miR-1 
led to cardiac hypertrophy by targeting Mef2a. The result further indicated that HBCD 
exposure decreased miR-1expression by upregulated Nkx2.5. We infer that the 
potential pathway associated with cardiac hypertrophy induced by HBCD is Nkx2.5
–miR-1–Mef2a. 
4. HBCD exposure could induce arrhythmia in zebrafish embryos through miR-1, 
which mainly affects by abnormal potassium and calcium ion transport. RT-qPCR and 
western blot showed that the expression of Irx5 was notably increased by HBCD. 
Correspondingly, Kcnd2 (Kv4.2) was obviously reduced. The transfection assay of 
miR-1 mimic supported a central role for miR-1 targeting on Irx5. Based on these 
findings, HBCD exposure promotes arrhythmogenic spontaneous K
+
 disturbance 
through the pathway of Nkx2.5–miR-1–Irx5–Kv4.2.  
5. In calcium ion channels, the disorder of cacium transport was not regulated by 
Nkx2.5–miR-1 pathway. HBCD maybe regulated the expression of genes associated 
with the calcium ion channels. We displayed that the expression of Serca2a was 
significantly increased, and Ncx1 was inhibited at middle and high doses. The 
activities of Ca
2+
-ATPase in H9C2 cells also increased after HBCD exposure. 
However, the protein expression of RyR2 was unchanged. Arrhythmogenic disorder is 
triggered by the imbalance of RyR2, Serca2a and Ncx1 expression to induce Ca
2+
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overload in the SR in H9C2 cells. Then it may result in calcium disorder to induced 
cardiac arrhythmia.  
 
Key words: HBCD, zebrafish, development toxicity, deep sequencing, miR-1, cardiac 
hypertrophy, arrhythmia. 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
  
 
Degree papers are in the “Xiamen University Electronic Theses and 
Dissertations Database”.  
Fulltexts are available in the following ways: 
1. If your library is a CALIS member libraries, please log on 
http://etd.calis.edu.cn/ and submit requests online, or consult the interlibrary 
loan department in your library. 
2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn 
for delivery details. 
厦
门
大
学
博
硕
士
论
文
摘
要
库
